
ON STEUCTUEAL LAWS IN THE NBEVOUS SYSTEM:
THE PEINCIPLES OF NEUEOBIOTAXIS.1

BY C. U. ABIENS KAPPERS.
Amsterdam.

THE factors that determine the structures in the nervous system,
the form of the neurones, their position and connections, have puzzled
the minds of many neurologists.

This matter was first considered more thoroughly by embryologists,
who, however, were chiefly interested in the problem of the connections
between the central nervous system and the peripheral organs, the
formation of nerve-roots.

One of those was Hensen, who assumed " that all nerves originated by
an insufficient separation in the primary connections between ganglion cells
and their peripheral organs during evolution." Hensen was thus a forerunner
of the conception that a real separation of the cellular constituents of the
body never occurs, but that its elements remain connected with each other.
A similar conception of syndesmism was defended in England by Sedgwick,
who stated that " Nerves are developments of the reticulum, elongated strands
of the pale substance composing this reticulum, with some of their nuclei."

I shall come back later to this conception, which, although it may contain
a true prinoiple, can never explain the peculiar selectivity in the neuronal
connections.

An opposite opinion was held by Balfour and His, who showed that the
connections of the nerves with their end-organs were secondarily acquired.

Of these two leading embryologists, His was generally inclined to regard
mechanical factors as the most important in the embryonic evolution, and he
practically saw in the growth and arrangement of the nervous elements a
purely mechanical problem.

He attempted to solve this problem by assuming that the direction of the
nervous offshoots was determined by the places or paths of least resistance.

The Belgian histologist Dustina has pointed out that by such ^/reformed
fwepaths we are able to understand why the regeneration after cutting a
peripheral nerve runs so smoothly, guided by the degenerated nerve-sheaths
of the peripheral stump; whereas in the central nervous system, which does
not exhibit any sheaths of Schwann, regenerating nerve-fibres rarely reaoh

1 A lecture read in the University of London.
' Who termed this the hodogenetic principle.
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126 ORIGINAL ABTICLES AND CLINICAL CASES

their functional end-point, and thus the regeneration is mostly without result.
Although this may be true, the presence of eventual forepaths is not sufficient
to explain the formation of nerve-fibres and besides only displaces the solution
of the problem.

If it be assumed that only a general tendency for making offshoots is
present in the ganglion-cell, and that the direction in which the offshoots shall
go only depends upon previously existing paths in the surrounding tissue,
then this question remains, namely, by what influence is such a typical
arrangement of the surrounding tissue established, so that just the functionally
correcJ'nervous connections result from it?

Especially the exquisite functional character of the connections in the
central nervous system, where such conducting sheath-cells do not occur,
remains entirely unexplained by this theory.

Another embryologist, Held, proceeds from the correct assumption, already
formed by Hensen and Sedgwick, that the nerve-cells are ah origine
connected by intracellular bridges, plasmodesms, previous to the formation of
fibrils. Held was actually able to demonstrate that later on the fibrils (the
nerve-tracts) grow into such plasmodesms. Held himself, however, is perfectly
convinced of the fact that the general presence, the ubiquity, of these plasmo-
desms can never explain the selection in the formation of the fibrils. It can
never explain why nerve fibrils grow in some plasmodesms and not in others.

He believes that the topography of the cells ([34], p. 47) and the direction
of their axes ([34], p. 68) may act a part, but Held himself does not believe
that these factors are sufficient to explain the typical selection in the forma-
tion of nervous tracts and says ([34J, p. 270) that the determining principle has
as yet escaped our scientific research.

A similar remark is made by Harrison, to whom we owe those valuable
researches on the outgrowth of nerve-fibres in cultures, and who stated himself
" that there is nothing in this work which throws any light upon the process
by which the final connection of a nerve-fibre is established." That it must
be a sort of specific reaction between each kind of nerve-fibre and its par-
ticular end-point is clear, according to Harrison.

The first who supposed a tropistic influence to act a part in these
structures and who also accepted a reciprocal tropistic influence of the
central nervous elements on each other was Cajal. The work accom-
plished by this author is extremely valuable.

Though—as is admitted by Cajal himself—it could not solve the
problem, my respect for this excellent Spanish neurologist does not
allow me to proceed without mentioning his theory.

Cajal believes that the connections of the nervous elements is deter-
mined by the secretion of attracting and repulsing substances and by
the sensibility to these substances in the ganglion-cells.

Concerning the secretion of these chetnotactic substances, which,
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ON STRUCTURAL LAWS IN THE NERVOUS SYSTEM 127

according to Cajal, may also be secreted by the ependyma cells,1 this
writer assumes that different parts of the central nervous system
enter, this stage of secretion at different periods of ttieir embryonic
development.

Cajal says that the stage of attraction coincides with the evolution
of the cell. This, however, is apparently a displacement of the difficulty,
for Cajal does not make any statement as to which factors determine
the evolution of the cells and consequently of the secretion of those
substances.

Thus he does not give an explanation concerning the cause of the
local and temporary selectivity in this chemical process nor of the
factors that determine the different nature of the axons and dendrites
(the so-called dynamic polarization of the neuron).

Cajal himself remarks in his work on the retina: " Cette theorie pre-
suppose des conditions prealables chimiques et rnorphologiques tout
a fait inexplicables : on peut dire que cette theorie eloigne la difficult^
sans cependant parvenir a la resoudre " 2 ([67], p. 240).

More important than CajaPs chemotactic theory is a remark by
this author concerning the shifting of nerve-cells in the embryonic
development of the nervous system, of greater importance even than
he himself has realized.

This remark (not known to me when I commenced my researches
on this question) is in perfect harmony with my own observations,
and I am the more glad to be able to confirm Cajal's observations as
to this point, since I arrived at a similar result in an entirely different
way, namely, not by embryonic, but by comparative phylogenetic
studies.

The remark then made by Cajal runs as follows: " If during
embryonic development new axons pass to some region of the central
nervous system, ganglion-cells may approach these axons in two
different ways, either by sending forth long dendrites, or by a migration
of the cell-body itself " ([69], p. 560).

Cajal mentions, as examples of a shifting of cells, the superficial
layer of granular nerve-cells which in an early period of development

1 Although I am not inclined to attribute an extensive part in this to the central spongio-
blasts it is a fact that different non-nervous elements (lemaoblasts, muscular cells, epithelium
and even cicatrices of the connective tissue) are able in certain stages of their development
to direct the offshoots of nervous elements.

1 Child also ([17], p. 170) has recently criticized the chemotactio theory, and appears,
like myself, to be an adherent of the bio-electric theory (see at the end of this paper). ,
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im ORIGINAL ARTICLES AND CLINICAL OASES

cover the surface of the cerebellum and which later on shift into the
depth of the cerebellum.

He also mentions the cells of the spinal ganglia which originally
lie next to the neural tube, but later on shift a short distance peri-
pherally away from the spinal cord.

Comparative researches on the oblongata and the mesencephalon
have c onvinced me that this shifting of nerve-cells is a very common
appearance, and that these shiftings of nerve-cells are determined by
a process of taxis or tropism that is caused by the stimulation of such
cells and their bio-electric consequences, which determine also the
selectivity in the 'neuronal connections, and the difference between the
dendrites and axons, the so-called dynamic polarization of the neuron.

Nucleus VI. "

• > - .

VI Nerve.
Fia. 1, A.—Dorsal position of the abducens nucleus in a shark (Acanthias) in which

the dorsal longitudinal "bundle is very large. After Van der Horst.

In what manner these processes can be engrammatically reproduced
under embryologic conditions cannot for the present be stated. The
same applies to the entire ontogeny however. Also the formation of
the extremities for walking and grasping can only be explained by
engrammatic factors, the character of which escapes us up to now.
It may be that the electric potentials arising during evolution (Child)
and whose sequence may be determined by engrammatic factors act a
part in this process.
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ON STRUCTURAL LAWS IN THE NERVOUS SYSTEM 129

During the past twelve years I have registered the topographic
differences of homologous cell-groups in the central nervous system of
vertebrates where such differences appear most clearly in the nuclei of
the motor root9 of the oblongata (cf. Black and v. d. Horst), but also
in many cells of the spinal cord, the mid- and forebrain (Herrick,
Elliot Smith, Dart).

n/'/Hsens

nucl.VI

PIG. 1, B.—Ventral position of the Vlth nucleus in a bony fish (Mogil chelo) with email
dorsal longitudinal bundle and large ventral reflex tract (tr. t. b. V.). After Van der Horst.

As it is clear that the topography of these cell-groups is determined
by the places from which the largest number of excitations reach the
cells, we have plainly to do with an appearance of taxis or tropism,
which I have termed neurobiotaxis, since it occurs in the nervous system
during life.

For a better insight into this process of neurobiotaxis let us consider
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130 OBIGINAL ARTICLES ANP CLINICAL OA9BS

figs. 1, A and 1, B, where the dorsal position of the abducens nucleus in a
shark, with its large dorsal longitudinal bundle, strongly contrasts with
the. ventral position of the same nucleus in a bony fish where the dorsal
longitudinal bundle is small, but where the ventral reflex-tracts, that
influence this cell-group, develop to a much greater size (the tr. tecto-
bulbaris ventralis : tr. t. b.).

In these cases it is evident that with an increase of stimulations in
a certain tract not all the cells of the bulb approach this tract, but only
certain cells, namely, such cells as bear a certain relation to this tract;
whereas other cells, for instance, the cells of the facial nucleus that in-
nervates the gills, do not migrate in the direction of this strengthened
reflex field, since their function is not related to the function of these
tracts.

So we see that there is a selection and that obviously a certain rela-
tionship is required for this process of shifting. We further see that
this relationship is a functional one and that it consists in a simul-
taneous excitation of the enlarged stimulation centre and the motor-cells.
If the motor-cells have a stimulative relationship with the enlarged
centre, that is, if the motor-cells are in action at the same moment in
which a nervous current passes through the enlarged tract, as is the
case with the eye-muscle nuclei and optic reflex tracts, then the cells

. are attracted by those tracts, not otherwise.
This is anatomically expressed by the fact that the nucleus of the

abducens shifts from one path of visual reflexes (the dorsal longitudinal
bundle) to another region of visual reflexes (the tractus tecto-bulbaris
ventralis). An increase of the central taste fibres of the oblongata how-
ever has not the slightest influence upon the position of the eye-muscle
nuclei, but causes migrations of the nuclei of the jaws and gills.

It is thus seen that the relation of the (dendrites and) ganglion-cells
in the nervous system is regulated in conformity with that law which in
psychology has long been known as the law of association, in which law
(in all forms in which it may appear) the simultaneity or direct suc-
cessivity of the excitation is the chief point.

This observation, made with motor-cells and their dendrites, led me
to study more fully the course, of the axons, and I found that a critical
observation of the relations existing between the regions where they begin
and end show the same law, namely, that only a functional relation-
ship between two regions can cause an axonal connection between those
regions. As a simple example it may be mentioned that axonic connec-
tions may arise and do in fact arise between the visual centres of the brain
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ON STBUOTUBAL LAWS IN THE NERVOUS SYSTEM 131

and the vestibular centres on account of the fact that visual impressions '
and vestibular impressions very often reach the brain simultaneously.

Thus, associated stimulation was found to be the determining factor
in the neurotropic appearances, and I was able to formulate the facts in
the following words :—

(1) If several stimulative charges occur in the nervous system, the
outgrowing of the chief dendrites and £ventually the shifting of cells
takes place in that direction whence the largest number of stimulations
goes to the cell.

(2) This outgrowing or shifting, Iwwever, only takes place between
stimulatively correlated centres; temporarily' correlated excitation acts
a part also in the connections of the axons.

FIG. 2 shows that the outgrowth of the dendrites and the final shifting of the cell
body itself takes place in a stimulo-petal direction, whereas the oourse of the axis-cylinder
is stimulo-concurrent.

J, 2, A. Giant dendrites grow out in the direotion of the centre from which the stimuli
proceed (sti. cent.).

Fl<5. 2, fi.—The cell Body itself (perifearyon) has shifted in the direotion of the stimula-
tion centre. The dendrites have shortened, the axlB-cylinder has correspondingly enlarged.

Comparative anatomy of the fibre-tracts in the central nervous
system gives plenty of evidence that this is always a leading prin-
ciple in the formation of tracts. Now, however, the question arises:
if associated excitation causes the formation of dendrites and the shift-
ing of ganglion-cells as well as the formation of axons, how may we
then explain the different character of the dendrites and the axon, the
So-Called dynamic polarization of the neuron ?

Whereas the approaching of the dendrites and nerve-cells towards
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132 OBIGINAL ARTICLES AND CLINICAL CASES

the centre of excitation is a stimulo-petal tropism, that is, a tropism
that runs to the centre of stimulation, the problem with the axon is
much more difficult since the axon apparently does not grow out
towards the excitation centre, but in the same direction as the nervous
current that irradiates from this centre, and consequently grows away
from the excitation centre (fig. 2).

1

CO

a

Activated

1 G>~

O

Course of the

neuroblasts.

irradiation

-

current.

A-
Pio. 3.—The aotlvation of adjacent neuroblaets by a non-myelinated growing bundle of

nerve-fibres. The vertical arrow indicates the direction of the growth and the stimulation
current in the primary activating bundle which has started at A. The horizontal arrow
indicates the direction of the irradiating influence, perpendicular to the primary bundle.
The proximal cells are sooner and consequently further diSerentiated than the distal cells.
After Bok (slightly modified).

That the axon actually does grow out in the same direction as the
excitation current, and that this current plays an important part at its
formation, has been proved by my former scholar, Bok (1915).

Bok found that when a bundle of unmedullated nerve-fibres grows
out and passes neuroblasts on its way, these neuroblasts become activated
by that bundle and send forth an axon in a direction perpendicular to
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ON STRUCTURAL LAWS IN THE NERVOUS SYSTEM 133

the activating bundle, apparently growing in the same direction as is
taken by the current that irradiates sideways from the growing bundle
(see fig. 3).

This fact was established in a manner that does not admit of any
doubt, since it was found that the neuroblasts lying in the region of the
growing bundle were only activated if the activating bundle reached
their level, apparently by stimuli irradiating therefrom.

Thus here, too, we find a process that, like the outgrowth of the
dendrites and the shifting of the cells, is determined by a nervous
current.

At the same time, however, we perceive that the axon (in contrast to
the dendrites and the shifting of the cell body) grows away from the
region of stimulation.

Whereas the growth of the dendrites is a stimulo-petal tropism, the
growth of the axon bears a stimulo-fugal, or better, a stimulo-concurrent
character.

Here I may call attention to the fact that both the neuroblasts and
placode cells, as long as they have not developed dendrites, may shift
with the nervous current, away from the excitation centre, contrary
to that which occurs later with the ripe ganglion-cells.

It is clear, however, that the functional connection of the outgrowing
axon cannot be determined by this process of irradiation alone, as was
realized by Bok, who came to the conclusion that its final connection,
its end-point, is determined by the chief law of neuro-biotaxis, namely,
by a stimulative relationship between the place where the axon starts
and the region in which it will end.

. I shall return to this question of selectivity in the axonal endings at
the end of my lecture. The stimulo-concurrent character of the axon
and the stimulo-petal character of the dendrites and ripe ganglion-cells
once being established, it puzzled me to find out the physico-chemical
causes of these facts.

In the first place it may be asked how it is possible that in one and
the same cell two opposed tropisms, a stimulo-petal tropism of the
dendrites and a" stimulo-fugal tropism of the axon, can occur ?

Considering this question I felt inclined to believe that bio-electric
influences, a species of galvano-tropism, exercised a leading influence
here.

I thought so, firstly on account of the electric phenomena well
known in nerve physiology, secondly on account of the opposite
polarized character of dendrites and axons, and at last on account of
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134 ORIGINAL AETICLES AND CLINICAL CASES

col

PIG. 4.—After Van Gehuehten. Notice the perpendieular coarse of the collaterals (eol.)
on the axis oylinders (prot. oyl.) of the mitral cells.
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ON STRUCTURAL LAWS IN TflE NERVOUS SYSTEM 135

the fact that collaterals of axons very often run (at the beginning)
exactly perpendicular to the mother axon, as for instance is seen in the
drawings given by our too early deceased colleague, Van Gehuchten.
Fig. 4 shows that collaterals grow perpendicularly from the axon, just
as the axons of the young neuroblasts run perpendicular to the activating
bundle.

A similar process, reminding us forcibly of bio-electric fields, is
demonstrated by the perpendicular position of the dendrites of the
Purkinje cells on the parallel fibres in the cerebellum (see fig. 5).

fl FIG. 5.—A, section through the molecular layer of the cerebellum of a cat, parallel to
the parallel fibres of the layer. B, section perpendioular on the parallel fibres showin g the
spread of the dendrites of the Purkinje cells in one plane, perpendicular to the parallel fibres.

Analogous relations are found in the spinal cord of the lamprey
where the dendrites of the motor cells stand perpendicular on the
unmedullated longitudinal tracts (Tretjakoff).

The fact that many of these dendrites reach the periphery of the cord, where they may
end in thickenings, has suggested to Tretjakofi the idea that their arrangement i3 duo to
assimilatory influences, since the spinal oord of the lamprey does not contain blood-
vessels and the assimilatory substances come from the perimedullary vessels. Although
I do not doubt that their close relation to the margin of the cord may have to be explained
in this way, it does not seem probable to me that the perpendicular position on tlie
axis of the cord must be attributed to this alone, since the contact with the periphery might
also be obtained if the dendrites spread in different levels, most easily even in a fan-like way
to the dorsal and ventral surface in a level parallel to the longitudinal axis of the cord,
since the postero-ventral dimension of the cord is only very small in this animaL Besides
the spreading of dendrites perpendicular to unmedullated fibres occurs also In the molecular
layer of the cerebellum (vide supra), where such a spreading is not influenced by peripheral
blood-supply since the molecular layer itself already contains a number of capillaries before
the typical arrangement of the dendrites of Purkinje cells arises, whioh only takes place after
birth (Addison).

It thus eeerned to me that the neuro-biotactic process is based on
bio-electric principles and that we have to do here with a sort of
galvanotropic process (1908 and 1917).
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136 ORIGINAL ARTICLES AND CLINICAL CASES

Now by galvanotaxis or galvanotropism we understand the pheno-
menon that a living being, or part of it, when influenced by a constant
electric current of a very low potential, has the inclination to turn to a
certain pole, in most cases to the negative pole (the cathode).

Thus the roots of plants grow towards the negative pole, unicellular
animals shift in the same direction, and the tentacles of a medusa move
towards the negative pole (towards the cathode).

The interesting point, however, is that this process is reversible.
If the object, as for instance the roots of growing plants or uni-

cellular animals, be brought into a stronger solution of potassium salts
the tropism will be reversed and the object may turn towards the
positive pole (the anode), instead of to the negative one.

This has probably to be explained by the influence of the electrolytes
in the solution on the electrolytes in the vegetable skin, the presence of
which also accounts for the blaze-currents, described by A. D. Waller.

The reversal of the tropistic process, then, must probably be explained
by surface condensations of electrolytes, such as colloidal-chemistry
shows us.

For we know from Hardy and others that albumin-like materials
also show a shifting in a galvanic current, the process of catapho-
resis, and it is very interesting that this cataphoresis may also be
demonstrated experimentally with the nerve constituents, as has been
shown first by Hermann and confirmed by Ingvar and myself. This
shifting of colloidal materials can be reversed by acids, and directed
towards the negative pole (cathode). Now there is a good deal in
these reversible processes that seems to be applicable to the nervous
system in connection with the physiology of excitation and conductivity.

In the first place, we know that a part of the surface of a nervous
leader, in excitation, forms a cathode with regard to its surroundings
which so to say represent an anodic field with regard to the surface of
the excited centre.1 (Fig. 6.)

The importance of this fact for the formations in the nervous
system has been confirmed by Child, who also proves to be an
adherent of the theory of bio-electric potentials as leading factors in
the formation of the neuron (see p. 145 of this paper).

The nerve cells, that are now situated in the surroundings of that
electro-negative excitation centre, first produce (probably on account of
a change in surface tension, as is also supposed by Marinesco) a positive
offshoot, corresponding to the irradiation of the nervous current from
the excitation centre. This first kationic offshoot is the axon.

1 Which inside is alBo positive.
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ON STRUCTURAL LAWS IN THE NERVOUS SYSTEM 137

This growing away from the excitation centre may be followed by a shifting
of the cell itself in the same direction, so long as no dendrites occur, as for
instance is seen with very young neuroblasts and placode cells.

Child has recently confirmed this point in my conclusions,
emphasizing that ([17], p. 187) the region of origin of the axon is
electrically determined in each cell by the electric currents of its
environment.

It seems probable to me, that positive ions such as potassium act an
important part in the axonal growth just as different concentrations of
electrolytes act an important part in the nervous current itself, as has
been demonstrated by Macdonald.

Neuroblast Axonal offshoot

FIG. 6.—Eventual division of electrolytic potentials in the neuroblast (right) during the
outgrowth of the axon by an action current.

We know that the axon more than other parts of the neuron
contains large quantities of potassium compounds, as was pointed out
by Macdonald, Macallum and Menten, independently of each other
and in different ways. This high percentage of potassium must favour
the stimulo-concurrent character of the nerve fibrillae lying in it, that
is the stimulo-concurrent growth of the axon. Consequently, just as
Waller in his " Signs of Life " (p. 148) is inclined to consider the action
current of the nerve as affected by kationic transport from the seat of
action, so I consider even the outgrowth of that axon as being greatly
influenced by such a kationic transport. The outgrowth of the axon
apparently is influenced by the action current, which may also explain
the influence of slight stimulations on regeneration.

And this is not so strange after all, since we know that the function
of an organ and the growth of an organ are only two different aspects
of the same thing.

Although I could not expect that this conception of the electric
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138 ORIGINAL ABTICLES AND CLINICAL CASES

character of the formation of the axon—which was a mere hypothesis
until some months ago—should so soon be confirmed experimentally,
I am in the happy position now of being able to state that the
electric galvanotropic character of the outgrowth of the axon has been
confirmed experimentally in embryonic tissue in serum cultures, in
Harrison's laboratory, by our Swedish colleague, Sven Ingvar [44],
who found that such an outgrowth may be determined by a constant
galvanic current of a strength of 2 to 4 billionths of an ampere, density
approximately yfiW to 2t?trc5 >̂ non-polarizable electrodes.

So much as to the formation of the axon. At a much later stage the
dendrites arise, and somewhat later still the cell body itself may con>
mence to shift in an opposite direction to the axon, namely, towards the
centre of excitation (thus stimulo-petal).

The stimulo-petal, cathodic tropism of the dendrites and of the peri-
nuclear cell-plasm coincides with the appearance of the substances known
as Nissl-bodies, which contain oxydases and catalases, and consequently
only takes place when the neuron is in a far more advanced condition of
development.

This tropism of the dendrites and the cell itself is in perfect har-
mony with the phenomena of excitation and contraction at the cathode
according to Pfliiger's law, as evinced in any protoplasm which, for
instance, has been found for amoeba by Loeb and Maxwell, and causes
these parts to go to the field of excitation.

That the galvano-tropism of the dendrites is actually opposite to the
galvano-tropism of the axon has also been confirmed experimentally by
Ingvar in his serum cultures of the chick embryo.

If we consider the outgrowth of dendrites and the shifting of the
ripe cell body as a tropism in the direction of the negative excitation
surface, we must see whether there is any influence in the cell or den-
drites that may make their tropism opposite to that of the axon in a
galvanic field.

Now in trying to explain this opposite tropism of the dendrites
(and of the ripe ganglion-cell), we are immediately struck by the fact that
this cathodic shifting only occurs with those parts of the neurone which
contain Nissl substance.

The axon, which contains no Nissl substance, exhibits a shifting in
the opposite direction. That, indeed, this Nissl substance may have
something to do with the cathodictropism of the dendrites and ripe
cells, is further made probable by the fact that as long as the young
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ON STRUCTURAL LAWS IN THE N^BVOUS SYSTEM 139

neuroblast contains no Nissl substance1 it does not show the cathodic
tropism, but even the opposite of it, and that the cathodic tropism
occurs only when chromidial substance is developed in the cell which
runs nearly parallel with the formation of the dendrites. It fails also
to occur with placode cells, which contain no chromidial substance.

What then may be the influence of the chromidial substance on this
process ?

Now it seems that Hardy's work on cataphoresis, which, according
to Greeley, may be applied to intra-protoplasmatic colloidal suspensions,
furnishes us with the solution of this problem. We know that the
Nissl substance during life (Cowdry), particularly during the develop-
ment of the cells (van Biervliet), is in a more or less fluid condition,
and that it surrounds the fibrillar substance.

This chromidial substance is a very complicated one, as has been
demonstrated by Holmgren and Marinesco, of whom the latter working
in Mott's laboratory showed the presence of oxydases in it. Thus
much, however, is certain, that it is an acid derivative (a compound of
nuclein acids with iron), and its acid character is also demonstrated by
the fact that it can be coloured only by a basic strain.

According to Hardy's researches however, acids favour the shifting
towards the cathode of the colloidal fibrill© that are suspended in it.

Also the liberation and accumulation of the Nissl substance at the pole
of the neurone that is opposite to the potassium accumulation agrees with
electrolysis.

The late appearance of this chromidial substance in the cell-body,
in which it appears only when the axon has already extended its
growth over a considerable distance, would also make us understand
the late formation of the dendrites. It thus seems that the develop-
mental character of the whole neurone may be explained by bio-
electric forces, and is in perfect harmony with the bio-electric
phenomena known in nerve physiology: the growth of the axon
depending on the action current, whereas the formation and contraction
of dendrites is homologous to the cathodic outgrowth and contraction
of pseudopodia, in a galvanic current and is favoured by metabolic
processes, related to stimulation.3

1 Whether She granulations which G. Levi saw ([46], p. 169) in hia migrating cells, when
they shift are to be compared with chromidial substance I do not know. I hope this excellent
Italian hiatologist will continue his experiments which seem to me of utmost importance.

' That the stlmulo-petal shifting of the dendrites and ripe cell-body is favoured by special
chemical activities occnrring in the dendrites and perikaryon is made probable by the fact
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MONO-AXONISM AND POLYDENDRITISM.

There are more characteristics of the nerve-cell that may be
considered and explained from this standpoint. The first is that only
one axon leaves the cell,1 whereas a large number of dendrites may
grow out from the cell-body in any direction towards several centres
of stimulation (mona-aronism and polydendritism).

To explain the mono-axonism we must first realize that, with a polar
tropism, as the galvano-tropism pre-eminently is, an object under
the influence of a bio-electric current places itself so that the
influence is equally great on both sides of the object. Then only does
a condition of equilibrium occur. Thus the perpendicularly, stimulo-
concurrent outgrowing axons of neuroblasts (fig. 3), as well as the per-
pendicular position of the collaterals upon the axis-cylinder (fig. 4), are
natural consequences of the perfectly polar irradiation current. If now
two (or more) different excitation centres simultaneously activate one
cell, we may expect to meet with only one axis cylinder in the resultant
line of both (or more) current directions (in the resultant of the
bio-electric field), since it is only in this line that an equal influence
on both sides of the growing axon is realized.

But what will happen, if two or more activating centres exercise
their influence, not simultaneously, but after each other upon the same
cell-body 1

One of these activating centres will be necessarily the first and
causes the formation of the axon hillock.

When, however, an axon hillock has commenced to grow, i.e.,
when an efferent zone of fibrils has been formed in the cell-body, we
may expect that the opportunity, offered by this zone, on account of

that their constituents act a much greater part in fhe assimilation of oxygen (on account
of the oiydases and catalases occurring in the Nissl substances) and not in the axon.

Stimulation and oxygenation probably run parallel here (stimulation setting free the
catalases) and sustain not only each other (Lillie) but also the neorobiotactic process as
is suggested to me by Sir Fred. Mott. The influence of metabolism on the growth of
dendrites cannot be denied and is proved by the Oajal cells and the perimedullary dendrites
in the lamprey (see above) which has no intraspinal blood-vessels and where the dendrites
spread very richly on the periphery of the cord where they end in thickenings, just as
ependymal and glia cells do, as if to have more ample contact with assimilatory substances.
Since stimulation and assimilation run frequently parallel this may also act a part in the
direction of the dendrites to the source of stimuli. That metabolic processes may influence
the galvano-tropism has also been stated in lower organisms, since Terry found that " the
galvano-tropism of volvox depends upon its state of chlorophyll metabolism " ([77], p. 243).

1 The horizontal cells of Cajal may exhibit two or more axis oylinders. These do not
proceed however from the cell-body, but originate at great distances from each other, from
different dendrites.
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its greater conductivity, is so favourable, that every new current that
runs over the cell, instead of forming a new axon in another place of
this cell, will make use of the opportunity of better conductivity,
already present, the more so since on account of the originally
irradiating character of nervous currents, these currents, if they reach
the cell, will necessarily always cover the whole of it, and thus neces-
sarily meet the axon hillock. The first formed zone of efferent fibrils,
the axon-hillock,1 becomes thereby the favourite conveying path for
all the stimuli that run over or through the cell-body.

The relations for the formation of dendrites are, however, altogether
different.

When a stimulus appears in the vicinity of the cell, the most
adjacent part of the protoplasm of such a cell may shift in the direction
of that stimulus. With the equality of that protoplasma and the
ubiquity of the Nissl substance in the whole cell (with the exception
of the axon hillock) this process is, of course, not restricted to one field,
and finds no place of predilection, except the one that is nearest by.
Centres of excitation situated elsewhere may, and even must, cause new
protoplasmatic outgrowth in their own direction, if the dendrites that
have previously grown out are not on their way.

So we find that mono-axonism is a result of the polar localization
of the anodotropic part of the cell, whereas polydendritism is based
on the fact that the cell-plasm has no place of predilection and is
everywhere sensitive to the cathodic tropism.

THE SELECTIVITY IN THE FORMATION OP NEUEONAL CONNECTIONS.

I have already said that the anatomical relations as found in the
nervous system and the processes of cell shifting clearly point to the
fact that the relationship which determines the connections is the
synchronic or immediate successive function of the elements.

This fundamental law of neurobiotaxis does not merely show us
that the well-known law of association in psychology is also a neurobio-
tactic law, but it also shows how wonderfully polar the whole character
of the tract formation is, and how well it fits in with the class of
bio-electric phenomena. For the purpose of explaining this selectivity
I must draw attention to the following points.

1 The polar character of which has been demonstrated by Held to coincide with the
diplosome-centre.
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We may assume that a state of excitation, once started in a budding
axon, proceeds rapidly and a strong current of internally positive potential
reaches the buddingcone of the axon. That this is more than a mere
supposition follows from the researches of Scaffidi1 (and Viale) who
proved that, if a nerve after section starts to regenerate its budding
cone shows a positive potential current, that reminds us of an action
current and may be called regeneration current or—as I do in embryonic
tissue—a growth current.

If we now assume that in the neighbourhood of this budding cone
several nerve-cells are situated, one of which is already in a state of
electric dissociation^ while the others are not, it will be evident that the
cell which is in a state of ionization is the only one that presents a
selective point to the budding axon.

The potential, that continues along the budding axon, may find its
natural counterpart only in the already ionized cell, and not in cells
which are not stimulated and which are consequently indifferent objects,
not presenting any predilection.

The principal part in establishing the connections between the
growing axon and the cell or dendrites with which it is going to be
connected may be played by the raised positive surface potential which
appears near the cell shortly after some previous stimulation and which
immediately follows its stimulation (see fig. 6). Or, in other words, the
growth-current of the budding axon will find a place of predilection in a
neurone that has been in action shortly before, just as with ships in a
battle line one ship sails in the wake of the ship that precedes.

In the physiology of nervous currents there are several facts
which are in favour of the supposition that an immediately prior
excitation exercises a directing influence upon the course of new exci-
tations occurring in the nervous system, since Sherrington emphasizes,
" that the threshold of a reflex is lowered by the excitation just
preceding its own," and this also explains why a connection just
established between two neurones (a synapse) " is an apparatus for co-
ordination and introduces a common path," i.e., of several other excitations
([75], pp. 184, 351).

This principle of selectivity based on the influence of a just
preceding state of function as forming a centre of attraction for other

1 Zeitsch.f. alig. Physiologic, 1910, Bd. xl, S. 846 : " Die SchniUflacben derNerven, welche
nach der Durohtrennung in situ bleiben.Bowohl nach wenigen Minucen ala uach verschiedenen
MonateD fast immer poaitiv u.s.w. Die positive Ladling der Schuittflachen verschwindet
rascher naoh der einfachen Durchtrennung, d. h. wann VersohmelzuDg folgt"
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ON STRUCTURAL LAWS IN THE NEHVOUS SYSTEM 143

nervous currents or budding axones, becomes of use in a most interesting
way, in making us understand the connections of the nervous system
with the muscles. Bok (1917) has shown that the connection between
certain muscles with sometimes widely distant places of the Central
nervous system, has to be explained by the fact that a contraction of
a muscle (the formation of which precedes the formation of nerve roots)
acts tropistically upon the central nerve fibres.

A contraction, or an analogous condition, raised by some external
non-nervous circumstance, attracts action currents which happen to be
present at that moment in the longitudinal tracts of the central nervous
system, thus leading at the same time their growth.

Tract cell

- -Oomm. cell

Fia. 7.—Relation of the spinal cord to the myotomes (M.) and skin. On the right
hand, it.B., Rohon-Beard's sensory cells for skin and muscle sensibility. To the left are
collaterals forming motor nerve-roots. (After Herrlok and CoghiU.)

In accordance with this conception is the fact that the first motor
roots as they occur in invertebrates and as Coghill found them in
larvae of amphibia, originate as collaterals of longitudinal tracts
(fig. 7).

Only later the neuroblasts lying next to such longitudinal tracts are
activated to form axons, that replace these collaterals and form the

BRilK.—VOL. XIJV. 10
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real motor roots. Hence it follows that originally the myotomes
attract the action currents present in the central nervous system
immediately after the moment of their contraction, or, in other words,
that the process of contraction is originally only integrated, not caused
by those central currents.

Later on, when the connection of the roots with the myotome has
been established, the contraction may of course be caused by those
central reflexes. Now I said that cat-ions as potassium probably
exercise a considerable influence in the growth of the axon just
as according to Macdonald and Waller it does in the action current
of the nerve. Similarly we find that potassium may act a part in the
process of the entering of nerve-fibres into the muscle, since Boeke
found the nerve-fibrils to end in the anisotropic layer of the muscle in
which, according to Macallum's reactions, potassium is localized (see
also Woerdeman). I hardly need to say that in this respect also the
researches of Howell, and specially those of Zwaardemaker, concern-
ing the r61e of potassium in the transmission of stimulation are of
utmost importance.

It is probable that in embryonic objects the proliferation of muscle
tissue has the same influence as the function of adult tissue and that
proliferating muscle-tissue thus may attract irradiations of the nervous
currents from the spinal cord, in the same way as the proliferating
connective tissue attracted the collaterals of the roots and even of the
lateral funiculi in the experiments of Cajal.

Child recently has called our attention to the probability that
during the evolution of tissue electric conditions occur very similar
to those occurring in stimulation.

The sequence however in which this embryonic proliferation takes
place must be caused by engrammatic conditions the character of which
as yet entirely escapes our conception.

It is evident that there are many more qtestions in nerve histology
and nerve physiology that may be considered from this standpoint,
which, I hope, mfty be useful in giving the missing link between the
structural and functional features of the nervous system.

I am afraid, however, that I have taken already too much of your
attention and I'will finish here by stating—what perhaps you have
already stated yourself, when listening to me—that a large part of the
researches forming the stones that enabled me to build this theory are
given by others, and not least by your own countrymen.
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POSTSCKIPT.

It was only after delivering this lecture that I came to study Child's
valuable book, " Origin and Development of the Nervous System, from
a physiological viewpoint," a very interesting contribution to our know-
ledge of development of pattern.

I have not been able to discuss its contents fully in this paper,
though I have added some references to it. I will not omit recom-
mending it to those whc are interested in the directing influence of
electric potentials, and I am glad that Child and I fully agree in the
importance of these potentials.

Eeserving a fuller discussion for a later paper, I will only add that I
do not agree with him in ascribing the development of ventral roots
and dorsal roots to two principally different types of polarization—his
first and second type.1 Neither do I agree with his supposition " that
it is not necessary to assume that the dendrites react differently to the
electric current than the axon." ([17], p. 195.)

Apart from my own deductions on this point I may refer to Ingvar's
statement that the offshoots that grow to the cathode and those which
grow to the anode in his experiments show a difference of character
([44], p. 198), and further to a personal communication of this author
to me that it seemed to him that one of these offshoots was the axon,
and the opposite one a dendrite.

I further must state that the division of electrolytes which Child
gives in his fig. 57, as presenting my idea about this matter, does
not represent my idea.

I have in the paper quoted by Child purposely not given a schema-
tic indication of the division of electrolytes in the cell, because I could
not do so, and certainly would not like to express it in such a simple
scheme. I would rather give it (but still with great hesitation) as it
is given in fig. 6 of this paper, for the development of the axon.

It seems to me that the last-mentioned scheme agrees with the
accumulation of the more or less acid chromidial substance inside the
pole of the neurone opposite to the axon-formation, where later the
dendrites occur, and where oxidation, and also acid constituents (that
is, negative potentials) are really found later on, as is to be expected
from what we know of electrolytic dissociations. I am afraid, however,

1 Suoh different types, apart from the artificial assumption of their existence in the
nervous system, are, even if they were possible, doubtful, as long as the question of plasmo-
desniic pre-formed paths (that is of tissue continuity) is not sufficiently settled. (Compare
Paton and Neal.)
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146 ORIGINAL ABTICLES AND CLINICAL CASES

that at present we are not yet able to state with any amount of cer-
tainty the exact division of potentials in the tissue even in serum
culture experiments, since the applied potentials may be reversed by
membranes or Helmholtz-Quincke layers, to which Child also calls
attention.

The chief point is that we agree that electric potentials are the
moving factors. As far as concerns their details the neurobiotactic
phenomena will offer still many difficulties and controversies, the
whole problem being a very difficult one.

A point in which we are especially grateful to Child is his pointing
out in connection with Lillie's work the relation between oxidative
processes and growth in certain directions (gradients). Specially, the
relations of the dendrites as found in Petromyzon (Ammoccetes) comes
thereby nearer to oar conception. (See p. 135 and footnote s on
pp. 139 and 140.
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